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Polymer chain dimensions in solution are determined
by the solvent quality.1,2 Isolated polymer chains are
expanded relative to their unperturbed size in good
solvents owing to excluded-volume interactions between
monomers. At the theta condition the repulsive excluded-
volume interactions are compensated by attractive
monomer-monomer interactions such that the mono-
mer distribution within the chain exhibits Gaussian
statistics. At the theta condition the polymer coil size
varies with segment number, N, as

where Rg is the radius of gyration and ê denotes the
theta condition. Decreasing solvent quality ultimately
leads to the formation of polymer globules following
chain collapse. While this dilute solution picture has
gained wide acceptance,2,3 chain behavior as a function
of solvent quality remains unresolved at concentrations
in the near-overlap and semidilute regions. If it is
assumed that the overlap concentration is essentially
the mixture critical concentration,1 cc, and that the
critical concentration segment number dependence4,5 is
cc ∼ N-0.38, scaling arguments predict chain collapse at
the critical temperature, Tc, and mixture critical con-
centration6

This result was subsequently derived by more rigorous
methods.7,8 Alternative theoretical approaches based on
a molecular theory of single chain collapse9,10 and a
proper accounting of concentration fluctuations and
three-body interactions in the familiar Flory-Huggins
theory11 predict collapse only for temperatures less than
Tc; that is, the chain dimension should remain unper-
turbed up to the phase boundary.

Recent small-angle neutron scattering (SANS) inves-
tigations have considered the behavior of a polymer
chain near the mixture-critical concentration in liquid
and supercritical fluid solvents.12-16 These studies
report that Rg, which is associated with polymer in-
tramolecular correlations, remains essentially Rg

θ as

the mixture critical point is approached along an
isothermal or isobaric path. The intermolecular correla-
tions characterized by the correlation length (ê) rapidly
increase near the mixture critical point and can exceed
the magnitude of Rg, indicating the presence of strongly
interacting unperturbed chains. These previous obser-
vations agree with some predictions that polymer chain
dimensions remain unperturbed with decreasing solvent
quality until incipient phase separation.9-11 The present
authors have also reported similar SANS results for
poly(ethylene-co-20.2 mol % 1-butene) (PEB10)-ethane
and PEB10-pentane solutions.17 However, this PEB10-
alkane solution study was somewhat problematic since
the PEB10 was not fully deuterated, compromising the
isotopic labeling contrast technique efficacy, and pro-
tonated ethane was used, resulting in elevated incoher-
ent background scattering. Since careful examination
of these SANS results indicated possible polymer chain
contraction upon approach to the phase boundary, the
experiments were repeated with the following three
improvements: deuterated ethane, fully deuterated
PEB10, and an improved high-pressure SANS cell.12

Ethane-d6 (99 at. % D) is obtained from C/D/N
Isotopes Inc., and pentane (98 at. % D) is obtained from
Cambridge Isotope Laboratories. The h-PEB10 and d-
PEB10 are synthesized via anionic polymerization of
butadiene with subsequent saturation by hydrogenation
or deuteration as described in detail elsewhere.18-21 The
h-PEB10 and d-PEB10 are statistically random copoly-
mers with ∼10 ethyl branches per 100 carbon atoms,
weight-average molecular weights of 232 500 and
232 800, respectively, and polydispersity indexes of 1.01
and 1.06, respectively. The phase behavior of the
PEB10-alkane mixtures is determined prior to SANS
experiments from cloud-point measurements using equip-
ment and techniques described in detail elsewhere.22,23

The high-pressure, unibody scattering cell and the
experimental scattering technique are described in a
previous report.12 Neutron scattering experiments are
performed on the NG-3 30-m SANS spectrometer at the
National Institute of Standards and Technology (NIST)
located in Gaithersburg, MD. A description of the 30 m
SANS instrument at NIST is given elsewhere.24 The
experimental configuration and data reduction are also
described in an earlier publication.12 SANS data are
obtained from independent experiments with 2.3 and
4.8 wt % PEB10-pentane solutions at 130 °C and 4.8
wt % PEB10-ethane solutions at 110 and 130 °C. Values
for Rg and ê are obtained via the isotopic labeling
method,25 taking into account pressure-induced changes
in solution density as well as scattering cell path
length.12,17

Figure 1 shows the typical evolution of the polymer
solution microstructure as the pressure is varied along
an isotherm. The onset of phase separation in this 4.8
wt % PEB10-ethane solution is indicated by the rapid
growth of ê near the phase boundary (see the inset
phase diagram in Figure 1 for these PEB10-alkane
solutions). In addition, the expected crossover of the
concentration fluctuation correlation length and chain
dimension is observed in accord with similar observa-
tions on a wide range of polymer solutions.12-17 Most
interesting is the observed decrease in the chain dimen-
sion, Rg, upon approach to the phase boundary, in stark
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Rg
θ ∼ N1/2 (1)

Rg
Tc,cc ∼ N0.46 (2)
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contrast to the behavior reported by others including
the present authors.12-17

Figure 2 compares the SANS-determined Rg and the
infinite dilution hydrodynamic radii (RH) of PEB10
chains dissolved in both ethane and pentane as reported
in a complementary dynamic light scattering (DLS)
study.26 The chains contract to ∼80% of their unper-
turbed chain dimension upon approach to the phase
boundary. Additional polymer molar masses would have
to be considered to determine the validity of eq 2. While
the observed variation in chain size with pressure is
qualitatively similar for both solvents, it is readily
apparent that ethane is a much poorer solvent than
pentane.17,26 Although the close agreement in the ob-
served contraction in the finite-concentration Rg and
infinite-dilution RH might suggest that the chain con-
centrations are not high enough to yield the constant
Rg values previously observed12-17 and theoretically
predicted by some,9-11 several experimental observa-
tions are offered here, suggesting that solution concen-
tration alone cannot explain these experimental obser-
vations.

Overlap concentrations will depend on the pressure
via changes in the solvent density for the compressible
solutions considered in the present study. The overlap
concentrations, c*, are estimated to be 4.5-5.4 and 1.4-
1.8 wt % for PEB10 in ethane and pentane, respectively,

based on the Rg values measured by SANS and account-
ing for changes in solution density. Therefore, for the
SANS study with the two PEB10-pentane solutions, one
concentration is just slightly larger than c* while the
other is 2-3 times larger than c*. Likewise, the PEB10-
ethane solutions are essentially at concentrations equal
to c* for SANS measurements at 110 and 130 °C. In
fact, the concentration ranges used in the present study
are similar to those used in a SANS study reported by
Melnichenko and co-workers for poly(styrene) (PS)-
cyclohexane and PS-acetone solutions. However, these
PS chains do not collapse upon approach to a phase
boundary when the temperature is isobarically re-
duced.13,15 Perhaps the change in chain dimensions is
a result of the path used to approach the phase bound-
ary since, in the present study, the phase boundary is
approached by isothermally reducing the pressure. This
explanation is not likely since Melnichenko and co-
workers also used an isothermal pressure reduction
path on approach to the phase boundary for poly-
(dimethylsiloxane) (PDMS)-CO2 solutions where c = c*
and observed that the PDMS chains do not collapse
along such a path.16 In fact, similar observations on
chain dimensions are reported by the present authors
and shown in Figure 3 for PEB10-dimethyl ether
solutions.12,27 Once again, there is strong agreement
between finite-concentration Rg (SANS) and infinite-
dilution RH (DLS) values where both radii indicate that
chain dimension remains unchanged upon approach to
a phase boundary. Hence, the present authors have
observed both chain collapse and unperturbed chains
for an isothermal pressure reduction path to the phase
boundary using SANS and DLS techniques. The rela-
tively close quantitative agreement between the two size
measurements, Rg and RH, is because they are evaluated
at different concentrations.1,2 Normally RH is expected
to be less than Rg when both quantities are determined
at infinite dilution.

It appears that, under some conditions near the
critical concentration, chains may collapse slightly
relative to their unperturbed dimension, thereby avoid-
ing significant interpenetration while at other times
concentration fluctuations may drive the formation of
polymer-rich microdomains. Recent DLS investigations
of single-chain diffusion in these systems indicates that
remarkable differences exist between the various PEB10-
solvent pairs near the phase boundary.26,27 The concen-
tration dependence of the translational diffusion coef-
ficient provides access to A2 via the so-called dynamic

Figure 1. Crossover of the polymer chain dimension, Rg, and
the polymer solution correlation length, ê, upon approaching
the phase boundary for the PEB10-ethane system at 110 °C.
The inset diagram shows the phase behavior for the PEB10-
ethane and PEB10-pentane systems, each with 4.8 wt % PEB10
in solution.

Figure 2. Observation of chain collapse following an isother-
mal pressure reduction path on approach to a phase boundary
in PEB10-alkane solutions. The Rg data are obtained at finite
concentration (see text) while the RH values are determined
at infinite dilution.26

Figure 3. Chain collapse is not observed upon decreasing
pressure along an isotherm to a phase boundary in PEB10-
dimethyl ether solutions. The reported Rg were measured at
finite concentrations (see text) while RH values were deter-
mined at infinite dilution.27

9394 Notes Macromolecules, Vol. 38, No. 22, 2005



second virial coefficient, kD
φ , since kD

φ ∝ A2/RH
3.28 The

DLS studies show that phase separation occurs for sub-
theta-solvent quality for PEB10-simple alkane solu-
tions,26 while phase separation occurs before the onset
of theta-solvent quality in the case of PEB10-dimethyl
ether solutions.27 Behavior of the latter sort has been
accounted for by Wolf and co-workers within a modified
Flory-Huggins framework where chain connectivity
and conformation effects are determined.29-32 This
observation illustrates the unique character of polymer
solution phase separation induced by pressure reduction
along an isotherm when the solvent is very compress-
ible. Such a path leads to a large decrease in the fluid
density, which in turn can lead to a decrease in the
mixing enthalpy sufficient to induce macroscopic phase
separation. That is, even if the monomer-solvent
interactions are nominally favorable, the solvent density
is not sufficient to effectively screen intramolecular
monomer-monomer and ultimately intermolecular poly-
mer-polymer attraction.29,33-35
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